Preeclampsia (PE), a pregnancy-specific disorder characterized by hypertension and proteinuria beginning after 20 wk of pregnancy, is a major cause of maternal and fetal morbidity and mortality. Delivery of the placenta reverses the immediate clinical manifestations and remains the only reliable treatment for PE. Up to now, the causes of PE are not entirely clear. Human cyclooxygenase 2 (COX2, encoded by PTGS2) is a highly inducible enzyme and regulates inflammation, differentiation, mitogenesis, and angiogenesis. COX2 deficiency affects all stages of early pregnancy and leads to various impairments. We hypothesized that COX2 had a role in the occurrence of PE and investigated its expression and function. We found that the expression of COX2 in decidual tissues of PE was significantly lower compared to that of the normal pregnancy. After decidualization stimulation with N6, 2 0 -O-dibutyryl-cAMP and medroxyprogesterone 17-acetate of human endometrial stromal cells, the expression of COX2, decidualization marker molecules prolactin (PRL) and insulinlike growth factor binding protein 1 (IGFBP1) increased significantly. This augmentation was time dependent relative to decidualization. When PTGS2 was depleted, the decidualization was compromised, based on changes in morphology and in decidualization markers. We found that the mRNA and protein levels of vascular endothelial growth factor (VEGF) decreased markedly when PTGS2 was knocked down, providing a potential mechanism for decidual impairment. This was consistent with the decrease in mRNA and protein in decidual tissues of PE relative to normal tissues. Our results suggest that COX2 plays a vital role in human decidualization and that its decreased expression jeopardizes decidualization and vascularization of the endometrial stroma; it may be a significant factor in the occurrence of PE.
INTRODUCTION
Preeclampsia (PE) is defined as persistent hypertension (blood pressure of !140/90 mmHg) or proteinuria (!0.3 g/L or !1þ by dipstick), developing after 20 wk of human pregnancy [1] . PE is a serious disease that contributes to maternal and fetal mortality [2, 3] . In extreme cases, serious complications of PE can include acute renal failure, seizures (eclampsia), pulmonary edema, acute liver injury, and hemolysis [4] . Some studies indicate that the occurrence of PE whether treated or not leads to long-term maternal health risks such as death from cardiovascular causes [5] . Because the onset of the clinical manifestations (usually in the third trimester of pregnancy) is late, it is difficult to carry out research into the pathogenesis of PE.
The pathogenesis of PE is suggested to be multifactorial. Trophoblast cell invasion into the uterus is an important process for successful pregnancy, and defects in placentation, particularly trophoblast invasion, are thought to contribute to the onset of this disorder [6] . Also, inadequate transformation of the spiral arteries as well as endothelial dysfunction and inflammation [7] are reported to be pathogenic factors of PE, and recent evidence suggests that changes in circulating levels of regulators of angiogenesis cause many clinically significant symptoms of PE [8] . Besides the above mentioned physiological factors, it has been reported that multiple genetic and environmental factors and their interactions are related to the occurrence of PE [9] , including immunological and vascular/ ischemic factors [10] .
To satisfy the oxygen and nutritional requirements of the fetus, endometrial remodeling needs to occur, including the transformation of the spiral arteries into wide-diameter, nonvasoactive vessels [11] . Disruption of this process is believed to lead to some pregnancy disorders, such as intrauterine growth restriction and PE [12] [13] [14] . In humans, the hallmark of early endometrial remodeling is decidualization [15] . Decidualization is a response to ovarian steroids progesterone (P4) and estrogen under the physiological conditions of the menstrual cycle. Human endometrial stromal cells (hESCs) transform and differentiate into decidualized stromal cells during the secretory phase. Upon decidualization, the stromal cells are characterized by cell enlargement, rounding of the nucleus, expansion of the Golgi complex and rough endoplasmic reticulum, and cytoplasmic accumulation of lipid droplets and glycogen [16] . Prolactin (PRL) and insulinlike growth factor binding protein 1 (IGFBP1) are major secretory products that have been used as phenotypic markers of decidual cells [17] . In humans, the importance of decidualization is emphasized by the fact that it affects all uterine compartments, including stromal compartments, junctional zone myocytes, spiral arteries, local immune cells, and the endometrial cells [16] . Human decidualization is an essential condition for the implantation of blastocyst and maintenance of pregnancy [18] . The decidualization reaction extends to the basal layer of the endometrium and is important to the invasion of trophoblast and the formation of placenta in pregnancy [19] . Also, the human decidualization process plays an important role in immune tolerance of the semi-allogeneic fetus and protecting mother and fetus against pathogens [16] . All in all, embryo implantation, placentation, and the establishment of pregnancy in human rely on adequate decidualization of endometrial stromal cells. In addition, various knockout mouse models have also provided evidence that endometrial decidualization is essential for maintaining pregnancy [17, 20] .
Given the importance of decidualization to gestation, we hypothesized that the failure of decidualization might be related to PE and that the genes responsible for prostanoid synthesis might be involved in the pathogenesis of it. It is well known that that the loss of the prostaglandin-endoperoxide synthase 2 (Ptgs2) gene leads to multiple reproductive failures, including ovulation, fertilization, implantation, and decidualization in mice [21] . In addition, the Ptgs2 gene knockout mice are hypertensive and have compromised postnatal kidney development [22] [23] [24] [25] . To further investigate the relationship between decidualization and PE, we focused on the expression and function of the product of PTGS2 using decidual tissues of normal pregnancies (NP) and severe preeclampsia (sPE) pregnancies as well as hESC lines.
COX2 is encoded by a single copy of 7.5 kb PTGS2 consisting of 10 exons [26] . COX2 can be induced by proinflammatory cytokines, hormones, and tumor promoters [27] . Regulation of the expression of COX2 occurs not only at the transcriptional level but also at posttranscriptional level. The major function of COX2 is mediating the conversion of arachidonic acid into prostaglandin H2, which is then converted to various prostaglandins by different synthases [28] . It is reported that COX2 acts on several cell functions, including modulation of cell proliferation and cell migration [29] . Other researchers have reported the role of COX2 in angiogenesis [30] , discerned by using vascular endothelial growth factor (VEGF) modification as an end point [31] . Furthermore, there are many studies showing that COX2 functions in the cardiovascular and respiratory systems and in the reproductive tract [32] . In human placentas, however, the results are not consistent, with some studies showing that the placental levels of COX2 are not different between normal and PE pregnancies [33] . Nevertheless, other people found that COX2 levels in PE women are reduced as measured by immunoblotting, and this effect has been attributed to oxidative stress [34, 35] . As noted above, COX2 deficiency in mice may lead to various impairments of the process of reproduction, including decidualization [21] . Although COX2 is responsible for various effects in pregnancy, its exact role in human decidualization and the relationship between decidualization and PE are unknown. The focus of this study was the exploration of the role of COX2 in decidualization as well as its correlation with PE.
MATERIALS AND METHODS

Study Population
All patients were recruited from the Qilu Hospital, Shandong University, Ji'nan, between February 2014 and March 2015. Only those women with single pregnancy were included. Women with collagen vascular disease, chronic hypertension, renal disease, diabetes, intrapartum infection, fetal abnormalities, chromosomal abnormalities, and other diseases were excluded from our study. The study was approved by the Ethics Committee of Qilu Hospital, and written informed consent was obtained from each patient. Two groups of cases were included: NP, which consisted of women who did not suffer from high blood pressure and proteinuria during pregnancy (n ¼ 22), and sPE (n ¼ 22), who were diagnosed according to International Society for the Study of Hypertension in Pregnancy. In brief, sPE was defined as new onset of hypertension (160/110 mmHg or greater) observed on at least two separate measurements 4 h or more apart and/or had proteinuria (.5 g per 24 h or .2þ on dipstick in two random samples collected at .4 h intervals) after 20 wk of gestation. The clinical characteristics of recruited patients are presented in Table 1 .
Decidual Tissues Collection
All the pregnancies were delivered by cesarean section. After delivery, the decidual tissues were collected immediately from the gauze used to scrub the uterus. Then the tissues were rinsed by diethylpyrocarbonate-treated saline three times to remove the blood and snap frozen in liquid nitrogen and stored at À808C until subsequent extraction of RNA and proteins.
Immunohistochemistry
Decidual tissues were cryosectioned at 5lm and mounted onto 3-aminopropyl-triethoxysilane coated glass slides. The sections were immersed in acetone for 10 min at À208C followed by three washes in phosphate-buffered saline (PBS), incubated with 0.3% Triton X-100 for 20 min, and then the slides were immersed in 3% H 2 O 2 for 30 min to block endogenous peroxidase activity. The slides were blocked with goat IgG for 1 h at room temperature and then were incubated in a moist chamber overnight at 48C with anti-COX2 primary goat anti-human polyclone antibody (1:50 dilution, sc1745; Santa Cruz Biotechnologies) and anti-VEGF primary rabbit anti-human polyclone antibody (1:100 dilution, sc-152; Santa Cruz Biotechnologies). The sections were washed in PBS three times and then incubated further with peroxidaseconjugated rabbit anti-goat secondary antibody (1:100 dilution, sc-2774; Santa Cruz Biotechnologies) and goat anti-rabbit secondary antibody (1:400 dilution, sc-2004; Santa Cruz Biotechnologies) for 2 h at room temperature. For color visualization, the peroxidase substrate solution diaminobenzidine kit (ZLI-9033; ZSGB-BIO) was applied. The sections were then counterstained with hematoxylin, dehydrated, mounted, examined, and photographed using an Olympus ML2000 microscope. Negative controls were incubated with preimmune serum instead of the primary antibody.
Cell Culture and Reagents
The immortalized hESC lines were a kind gift from Dr. Haibin Wang (Institute of Zoology, Chinese Academy of Sciences, Beijing, China). The cells were seeded in 75 cm 2 tissue culture flasks and cultured in phenol red-free Dulbecco-modified Eagle medium/F12 containing glutamine (Life Technologies, Inc.), 5 3 10 À2 g/L antibiotics (Gibco), 5 3 10 À4 g/L puromycin (Gibco), 1% insulin-transferrin-selenium (Invitrogen), and 10% dextran-coated charcoalstripped fetal bovine serum (Biological Industries) at 378C and 5% CO 2 .
To induce in vitro decidualization, the cells were incubated with Dulbeccomodified Eagle medium/F12 containing 2% charcoal-stripped fetal bovine serum, 5 3 10 À4 mol/L N6, 2 0 -O-dibutyryladenosine cAMP sodium salt (cAMP) (Sigma Chemical Co.), and 10 À6 mol/L medroxyprogesterone-17-acetate (MPA) (Sigma Chemical Co.) for 6 days. À8 mol/L) and RNA interference MAX (2.5 ll/well) diluted in Opti-MEM Medium (Gibco) were transfected to hESCs at 60% confluence. After 24 h of transfection, the cells were incubated with medium in the presence or absence of cAMP and MPA for 4 days.
Real-Time PCR
Total RNA was extracted using Trizol reagent (Foregene) according to the manufacturer's instructions. RNA samples (2 lg) was converted to cDNA using the Superscript Reverse transcriptase Kit (Toyobo). PCR was performed under the following conditions: 5 min at 958C followed by 40 cycles of 10 sec at 958C, 20 sec at 598C, 20 sec at 728C, and 5 min extension at 728C. The reactions were carried out using SYBR GREEN PCR Master Mix (Toyobo) in ABI PRISMH7700 sequence detector (Life Technologies, Inc). For a quantitative measurement, GAPDH was used as an internal control. Relative mRNA level was determined using the DDCt method [36] . The primer sequences for amplifying human PTGS2, VEGF, PRL, IGFBP1, and GAPDH genes are listed in Table 2 .
Western Blot Analysis
Protein extracts were prepared by homogenization with RIPA buffer (5 3 10 À2 mol/L TRIS, pH 7.4, 1.5 3 10 À1 mol/L NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) with protease inhibitors (Sigma Chemical Co.). Protein concentrations were quantified with Enhanced BCA Protein Assay Kit (Thermo Fisher Scientific). Protein samples (30 lg) were migrated on 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride membrane (GE Healthcare Life Sciences). The membrane was blocked with 5% nonfat dried milk in 20 mM TRIS and 137 mM NaCl with 0.1% Tween-20 and incubated with the primary antibodies: goat anti-human COX2 (1:500 dilution, sc1745; Santa Cruz Biotechnologies), rabbit anti-human VEGF (1:500 dilution, sc-152; Santa Cruz Biotechnologies), or mouse monoclonal IgG 1 to b-actin antibody (1:5000 dilution, sc47778; Santa Cruz Biotechnologies). Primary antibody binding was detected using horseradish peroxidase-conjugated secondary antibody (1:5000 dilution; Santa Cruz Biotechnologies). Detection was achieved with the ECL chemiluminescence kit (Millipore). Bands from three separate Western blots were analyzed by Quantiscan software (Biosoft).
Statistical Analysis
All statistical analyses were performed using GraphPad Prism (GraphPad Software). For the experiments described in Figures 1, 7 , and 8, unpaired Student t-test was used to assess statistical significance. For 4 and 6, one-way ANOVA followed by the least significant difference test to discriminate among the means was used to assess statistical significance among different groups. Statistical significance was ascribed to P value , 0.05. Graphs are presented as mean 6 standard error of the mean (SEM). All experiments were repeated independently at least three times.
RESULTS
Clinical Characteristics of the Participants
The clinical characteristics of the participants are shown in Table 1 . We can see that there were no differences in maternal age between NP and sPE. The systolic blood pressure and diastolic blood pressure in sPE were higher than those of NP. Also, the proteinuria in sPE was 1.0-4.0 g/L but there was no sign of proteinuria in NP. In addition, there were significant differences in gestation age and birth weight of the fetus between NP and sPE groups.
Expression of COX2 in Decidual Tissues of NP and sPE
We examined 22 NP and 22 sPE decidual tissues for the expression of COX2 using quantitative PCR and Western blot analysis. The mRNA level of PTGS2 was significantly lower in sPE compared to those of NP (Fig. 1A) . Also, a significant decrease in the COX2 protein level could be found in the sPE group compared to the NP group (Fig. 1B) .
Localization of COX2 in Decidual Tissues of NP and sPE
The expression of COX2 protein was detected in decidual tissues by immunohistochemistry. The results showed that COX2 expressed in both NP and sPE decidual tissues were comparable to the negative control (Fig. 2, A-D) . There was a marked decrease in the expression of COX2 protein in the sPE group compared to the NP group (Fig. 2, A and C) .
Expression of COX2 in Decidualized hESCs
It is known that initiation of the decidualization requires elevated intracellular cAMP levels and sustained activation of the protein kinase A (PKA) pathway [17] . It has also been reported that P4 activates the cAMP-dependent signaling pathway in hESCs [37] .
To explore the expression of COX2 during decidualization, we induced decidualization of hESCs for 0, 3, and 6 days. The Figure 3 . From the figure, it could be seen that the cells had elongated fibroblastic morphology on Day 0 (Fig. 3, A and D) and from Day 3 the cells became larger and plumper compared to the control (Fig.  3, B and E) . On Day 6, the decidualized morphology was more obvious compared to the control (Fig. 3, C and F) .
At the same time, with the change of the morphology, the levels of decidualization markers PRL and IGFBP1 mRNA increased significantly, and this increase was time dependent (Fig. 4, A and B) . Corresponding to the decidualization stimulation, the expression of COX2 both at mRNA and protein levels increased and reached the highest levels on Day 6 (Fig. 4, C and D) , consistent with the concurrent expression of PRL and IGFBP1.
The Relationship Between COX2 and Decidualization
Expression of COX2 increases during stimulation of decidualization, and COX2 is an inducible enzyme. The specific roles of cAMP, MPA, and their combination on the process of decidualization are currently not well understood [17] . Thus, to establish direct cause and effect on COX2 expression and to further test whether COX2 was related to decidualization, we treated hESCs with cAMP, MPA, or their combination for 6 days. The variant cellular morphology resulting from the different treatments is shown in Figure 5 . The morphology of decidualization was most obvious in the cAMP and MPA combined treatment in which the stromal cells became larger, polyhedral, and closely packed compared to the control (Fig. 5D ). In the cAMP alone-treated group, cellular changes could be seen but to a lesser extent compared to cAMP and MPA in combination group although decidualization did, in fact, occur (Fig. 5B) . In the MPA only-treated group, there was no obvious morphological signs of decidualization; the stromal cells had fibroblastlike morphology similar to the control (Fig. 5C) . At the molecular level, the expression of PRL and IGFBP1 likewise presented different patterns, and the level of decidualization was the highest when using cAMP and MPA in combination (Fig. 6, A and B) . The variation in COX2 both at mRNA and protein levels showed the same pattern of response to hormone stimulation as did PRL and IGFBP1 (Fig.  6, C and D) .
Effect of Silencing of COX2 on Decidualization
To further explore the role of COX2 in human decidualization, we used RNA interference to knock down the expression of COX2 in hESCs. The consequent cellular morphology is shown in Figure 7 . Without PTGS2 depletion, the stromal cells transformed to large and round decidual cells after decidualization stimulation, while when PTGS2 was knocked down, the decidualization reaction was blocked and the stromal cells were still fibroblastlike (Fig. 7A) and there was concurrent decline in the transcription of PRL and IGFBP1 (Fig. 7B) . To explore the mechanism by which PTGS2 depletion blocked decidualization, the expression of VEGFA mRNA and protein was detected, and the results showed that both the levels of transcription and expression of this angiogenic gene were compromised by PTGS2 siRNA treatment (Fig. 7, B and C) .
Expression of VEGF in Decidual Tissues of NP and sPE
In this study, we examined 22 NP and 22 sPE decidual tissues for the expression of VEGF using quantitative PCR and Western blot analysis. The mRNA level of VEGF was observably lower in sPE relative to those collected from NP (Fig. 8A) . Also, the VEGF protein level was markedly decreased in sPE group compared to NP group (Fig. 8B) .
Localization of VEGF in Decidual Tissues of NP and sPE
The expression of VEGF protein was detected in decidual tissues by immunohistochemistry. The results showed that VEGF was present in the decidual tissues of both NP and sPE groups compared to the negative control (Fig. 9, A-D) , and that there was a significant decrease in the expression of VEGF protein in the sPE group compared to the NP group (Fig. 9 , A and C).
DISCUSSION
In this study, we compared the levels of COX2 in human decidual tissues of NP and sPE and found that the expression of COX2 in sPE decreased significantly compared to that of the NP group. Using hESCs, we discovered that after cAMP and MPA treatment, the mRNA expressions of PTGS2, PRL, and IGFBP1 increased significantly and that this augment was time dependent. To explore whether COX2 was decidualization relevant, we detected the effects of cAMP, MPA, and cAMP and MPA combination on COX2 and found that the expression of COX2 was highest in the cAMP and MPA group both at the mRNA and protein levels. In addition, we found that when PTGS2 was knocked down, the mRNA and protein levels of VEGF decreased remarkably with the sharp decrease of PRL and IGFBP1 being accompanied by striking cellular morphologic differences. Further investigation of the relationship between COX2 and VEGF showed that the expression of VEGF both at the mRNA and protein levels decreased significantly in the decidual tissues of sPE compared to those of NP. These data demonstrate that COX2 plays a vital role in human decidualization, and its deficiency jeopardizes decidualization and vascularization, and is likely related to PE.
The cyclooxygenase family has two members, cyclooxygenase 1 (COX1) and COX2. COX1 is expressed constitutively in many cell types and is thought to be involved in physiological responses, including inflammation [38] . While COX2 is expressed inductively and has extensive functions, it regulates inflammation, differentiation, mitosis, and angiogenesis in human decidual tissues [28] . COX2 is regulated by CYCLOOXYGENASE 2 IN PREECLAMPSIA epidermal growth factor, platelet-derived growth factor, as well as many other signals [22, 39] . All these factors play significant roles in embryo differentiation, development, and endometrial decidualization. In our study, COX2 indeed was expressed in the decidual tissues of NP and sPE. It is worth noting that its expression was lower in the decidual tissues of sPE relative to NP. This suggested that a relationship between COX2, decidualization, and PE may exist.
Our in vitro culture data found that the expression of COX2 both at mRNA and protein levels increased markedly after induction of decidualization; furthermore, this augmentation was time dependent. Because COX2 is an inducible enzyme, we treated the hESCs with cAMP, MPA, and a cAMP and MPA combination respectively for 6 days to further demonstrate the relevance of COX2 to decidualization. We found that cAMP treatment induced decidualization with concurrent increases of COX2 expression. Although changes in cellular morphology were less obvious than in the cAMP and MPA combination group, they were nevertheless evident. This is consistent with the report that the decidual phenotype is not maintained in response to cAMP signaling alone [17] . In the MPA-treatment group, we found no phenomenon of decidualization, and correspondingly the expression of COX2 did not change. This concurs with the report that decidualization is normal in rare pregnancies that are associated with very low P4 levels [40] . The morphology of decidual changes was the most obvious in the cAMP and MPA combined group, accompanied with significantly increased expression of PRL and IGFBP1; meanwhile, the expression of COX2 at both the mRNA and protein levels was the highest in this treatment group. This further demonstrated the relationship between COX2 and decidualization. In addition, the RNA interference results strongly supported the importance of COX2 in human decidualization.
The mechanism study showed that the expression of VEGF, both at the mRNA and protein levels, decreased markedly when PTGS2 was depleted during decidualization. Decidual angiogenesis in the early postimplantation period is required for NP development [23] . It has been reported that COX2 is an important player in vascular wall and vascular integrity protection [24, 25] , while VEGF is known to be required for normal angiogenesis in many tissues [41, 42] . It has further been reported that VEGF may be a target of COX2 [31] . It has also been demonstrated that disturbances of angiogenesis signal pathways are associated with PE [43] , and altered expression of VEGF family has been implicated in the pathophysiology of PE [44] . Furthermore, some studies demonstrate that there is an angiogenic imbalance in PE characterized by decreased levels of VEGF [45, 46] . In our study, we found that the expression of COX2 both at mRNA and protein levels decreased remarkably in sPE compared to NP. At the same time, the expression of VEGF in decidual tissues had the same tendency as COX2. This further suggests a relationship between COX2 and VEGF.
It is well known that PE is a multisystem pregnancy disorder and the detriment of PE is severe. Delivery in advance is the only way to alleviate the symptoms of PE. Our results suggest that COX2 plays a vital role in human endometrial stromal cell decidualization, which is important for pregnancy, including embryo development, placentation, and trophoblast invasion. The reduced expression of COX2 in decidual tissues jeopardizes both decidualization and consequent vascularization, and may be a cause of occurrence of PE. Our study of COX2 in human decidualization provides new information about the mechanism of PE and may lead to new diagnostic and therapeutic paradigms to address the pathology of PE.
